Block-and platelet-shaped single crystals of several CeNi 1−x Sb 1+y Bi 1−y phases with ZrCuSiAstype structure (space group P4/nmm) were grown from a CeNiSb precursor in bismuth fluxes. were refined from single-crystal X-ray diffractometer data. The 2b nickel site can be fully or partially occupied, and the bismuth square nets show solid solutions with antimony. CaBe 2 Ge 2 -type CeNi 2−x Sb 2 crystals occur as by-products of the crystal growth experiments. The structure of a CeNi 1.26 Sb 2 crystal has been refined. The small difference of the compositions hamper phase analytical studies by powder X-ray diffraction. A polycrystalline CeNiSbBi sample showed Curie-Weiss behavior with an experimental magnetic moment of 2.56(1) µ B per Ce atom, indicating purely trivalent cerium. No magnetic ordering is detected down to 2.5 K. A 121 Sb Mössbauer spectrum showed an isomer shift of δ = −8.06(6) mm s −1 , substantiating the antimonide character.
Introduction
The equiatomic tetrelides CeTX (T = electron-rich transition metal; X = Si, Ge, Sn) show hydrogen insertion up to compositions CeTXH 1.8 [1, 2] . The hydrogen atoms fill tetrahedral sites and strongly influence the electronic structure along with the magnetic ground state. To give an example, intermediate-valent Ce in CeRhSn transforms to almost trivalent Ce in CeRhSnH 0.8 [3] and the hydride CeNiSiH 0.8 shows a higher Kondo effect than CeNiSi [4] . These studies have been extended to the equiatomic pnictides. A tiny amount of hydrogen leads to the formation of CeRhSbH 0.2 [5] , and one observes a change from valence fluctuations in CeRhSb to antiferromagnetic ordering at 3.6 K in the hydride.
In continuation of these studies we were interested in the hydrogenation behavior of the ferromagnetic Kondo lattice compound CeNiSb. So far, this antimonide had only been characterized on the basis of powder diffraction data [6 -13] . Since some nickelantimony disorder was evident from powder neutron diffraction [9] , we tried the growth of small single crystals by standard annealing techniques, however, without success. Subsequent flux growth experiments in liquid bismuth [14 -16] led to the new quaternary pnictides CeNi 1−x Sb 1+y Bi 1−y (in this case bismuth acts as a reactive flux medium). These can be considered as solid solutions of CeNi 1−x Sb 2 [17 -20] with CeNi 1−x Bi 2 [21, 22] . This field of research gained new input when superconductivity at ∼4 K was observed for CeNi 0.8 Bi 2 [23, 24] , induced by the nickel defects. The transition to superconductivity has also been observed for epitaxially grown thin films [25] .
Herein we report on single-crystal X-ray data of the CeNi 1−x Sb 1+y Bi 1−y phases with respect to antimony-bismuth ordering as well as on magnetic and 121 Sb Mössbauer spectroscopic data of polycrystalline CeNiSbBi and a structure refinement of CeNi in an agate mortar and cold-pressed to pellets of 6 mm diameter. The pellets were sealed in evacuated quartz ampoules and placed in muffle furnaces. They were heated at a rate of 10 K h −1 to 1170 K and kept at that temperature for 14 d. Then the samples were cooled at a rate of 20 K h −1 to room temperature. The bismuth flux was dissolved in a 1 : 1 mixture of H 2 O 2 (Across, 35 %) and glacial acetic acid (VWR International, 96 %). CeNi 2−x Sb 2 crystals were obtained as by-product in several samples.
Starting materials for the synthesis of the polycrystalline samples were cerium ingots (Sigma Aldrich), nickel (Merck), antimony (Johnson Matthey) and bismuth (Sigma Aldrich) powder, all with stated purities better than 99.9 %. Filings of cerium were prepared under paraffin oil, washed with cyclohexane (both dried over sodium wire) and kept in Schlenk tubes prior to the reactions. The elements were mixed in a mortar, subsequently cold-pressed to pellets of 6 mm diameter and sealed in evacuated quartz tubes. The ampoules were heated in muffle furnaces up to 620 K within 48 h and kept at that temperature for 48 h. In the next step the samples were heated up to 1170 K within 96 h and kept at that temperature for another 14 d. Finally the samples were cooled down to room temperature over a period of 96 h. The resulting samples were ground, repressed to pellets and annealed again with the same sequence. The resulting samples are silvery with metallic luster. They are stable in air over a few days before slow hydrolyses starts.
EDX data
Semiquantitative EDX analyses of the single crystals studied on the diffractometer were carried out in the variable pressure mode with a Zeiss EVO ® MA10 scanning electron microscope with CeF 3 , Ni, Sb and Bi as standards. The experimentally observed average compositions were close to the ideal ones. No impurity elements heavier than sodium were detected.
X-Ray diffraction
The polycrystalline CeNi 1−x Sb 1+y Bi 1−y samples were characterized by powder X-ray diffraction on a Guinier camera (equipped with a Fujifilm image plate system, BAS-1800) using CuK α1 radiation and α-quartz (a = 491.30, c = 540.46 pm) as an internal standard. The tetragonal lattice parameters (Table 1) of several samples with different starting compositions were refined from the powder data by a least-squares routine. The experimental powder patterns were compared to the calculated ones [26] in order to ensure correct indexing.
The CeNi 1−x Sb 1+y Bi 1−y phases crystallize with two different crystal habits. Crystals with full nickel content form small blocks (Fig. 1) , while the ones with a nickel deficit crystallize in the form of platelets. Diverse crystals were mechanically selected from the dissolved bismuth flux and glued to quartz fibers using bees wax. Their quality was first tested by Laue photographs on a Buerger camera (white Mo radiation; image plate detection system). Intensity data of the CeNi 1−x Sb 1+y Bi 1−y crystals were collected at room temperature by use of a Stoe IPDS-II imaging plate diffractometer Table 2 .
Structure refinements
The diffractometer data sets showed tetragonal lattices with high Laue symmetry, and the systematic extinctions were in agreement with the space group P4/nmm, similar to the ZrCuSiAs type [27] . The starting parameters were obtained with the SUPERFLIP algorithm [28] embedded in the JANA2006 program package [29] . The structures were refined with anisotropic displacement parameters for all atoms. Since the powder neutron diffraction data showed substantial nickel defects for CeNi 0.8 Bi 2 [24] , we refined the occupancy parameters of all nickel and antimony (bismuth) sites in order to check for deviations from the ideal composition. The first crystal showed full nickel occupancy, but a small degree of Bi/Sb mixing on the 2a position. The other two crystals also revealed nickel defects. These occupancy parameters were then refined as least-squares variables in the final cycles, leading to the [21] , the two nickel sites of the CeNi 1.26 Sb 2 crystal also showed significant defects and the occupancy parameters were refined as least-squares variables in the last cycles. The final difference Fourier synthesis revealed no residual peaks. The refined atomic positions, displacement parameters, and interatomic distances are listed in Tables 3 and 4 
Magnetic susceptibility measurements
Magnetic measurements of a CeNiSbBi sample were carried out on a Quantum Design Physical Property Measurement System using the Vibrating Sample Magnetometer option. For the measurement 26.312 mg of the powdered sam- ple was packed in a polypropylene capsule and attached to the sample holder rod. The measurements were performed in the temperature range of 2.5 -300 K with magnetic flux densities up to 80 kOe (1 kOe = 7.96 × 10 4 A m −1 ).
Sb Mössbauer spectroscopy
A Ba 121m SnO 3 source was used for the Mössbauer spectroscopic experiment, and the quoted values of the iso-mer shift are given relative to this material. The measurement was carried out in the usual transmission geometry at 78 K. The temperature was controlled by a resistance thermometer (±0.5 K accuracy), and the Mössbauer source was kept at room temperature. The sample was enclosed in small PVC container at a thickness corresponding to about 10 mg Sb cm −2 . The total counting time was approximately 2 days. Fitting of the spectrum was performed with the NOR-MOS-90 program system [30] .
Discussion

Crystal chemistry
The ternary and quaternary pnictides CeNi 1−x Sb 1+y Bi 1−y crystallize with the ZrCuSiAs-type structure [27] , space group P4/nmm, which is a quaternary, ordered version of the HfCuSi 2 structure [31, 32] . The unit cell for the ordered antimonide bismuthide CeNiSbBi is presented in Fig. 2 . The many pnictide oxides RETPnO (RE = rare earth element; T = electron-rich transition metal; Pn = P, As, Sb) [33 -35] crystallize with the same space group, and the atoms fill the same Wyckoff sites (sequence c 2 ba), however, there are distinct differences in the lattice parameters and in the two free z parameters (especially those of the 2c RE sites), leading to differences in chemical bonding. One should call these compounds rather isopointal than isotypic [36, 37] . Another point that complicates analyses of the CeNi 1−x Sb 1+y Bi 1−y phase is the close structural relationship with the tetragonal, CaBe 2 Ge 2 -type pnictides CeNi 2−x Sb 2 and CeNi 2−x Bi 2 [21] . These two phases also crystallize with space group P4/nmm with an additional partially occupied nickel site. The lattice parameters are in the same range and the powder Xray patterns show small differences in their intensities (Fig. 3) . Thus, single-crystal data are an important prerequisite for structural investigation.
First we discuss the course of the lattice parameters (Table 1) . Two series of solid solutions have been investigated: (i) the series CeNiSb 1+y Bi 1−y with fully occupied nickel sites and CeNi 1−x Sb 1+y Bi 1−y with partially filled 2b positions. Substitution of antimony by the larger bismuth atoms leads to an almost Vegardtype increase of the a lattice parameter. In order to keep bonding with the neighboring layers, the c lattice parameter decreases, and thus the c/a ratio. The situation is more complicated for the samples with nickel defects. The variation in the a and c lattice parameters is not that pronounced, and the influence of structural disorder seems to dominate.
As emphasized in Fig. 2 , the CeNi 1−x Sb 1+y Bi 1−y structures exhibit layers of NiSb 4/4 tetrahedra where all tetrahedra share common edges. The Ni-Sb distances of 258 pm in CeNiSb 1.19 Bi 0.81 are close to the sum of the covalent radii for nickel and antimony of 256 pm [38] . These tetrahedral layers correspond to the layers of condensed FeAs 4/4 tetrahedra in the pnictide oxide superconductor LaFeAsO 1−x F x [39] . The difference concerns the separating layer. In the classical pnictide oxides these separating layers consist of oxygen-centered rare earth tetrahedra, while in the CeNi 1−x Sb 1+y Bi 1−y phases studied herein these layers show strong tetragonal distortions.
The bismuth/antimony atoms at z = 0 form square nets with Bi/Sb-Bi/Sb distances of 315 pm in CeNiSb 1.19 Bi 0.81 , only slightly longer than the twoelectron two-center Bi-Bi bonds in the element (307 pm) [40] . In the second coordination sphere, these bismuth/antimony atoms are coordinated by four cerium atoms with Ce-Bi/Sb distances of 344 pm. These Ce-Bi/Sb contacts can only be considered as weak. The Ce-Bi/Sb distances are longer than in CeBi (325 pm) [41] and Ce 4 Bi 3 (335 pm) [42] . The main bonding contribution for the cerium atoms results from the Ce-Ni contacts (318 pm Ce-Ni in CeNiSb 1.19 Bi 0.81 ) with the neighboring layer.
The crystal chemical data of CeNi 1.26 Sb 2 (Tables 1 -4) were recorded for comparison. This antimonide has an additional nickel site which is inserted between the Sb2 square layers and the cerium atoms (Fig. 2) . Together, the Sb2 and Ni1 atoms build up layers of edge-sharing tetrahedra, but one has to keep in mind that both nickel sites are only partially occupied, with the much lower occupancy for Ni1. The course of the interatomic distances is similar to that of the quaternary compounds (Table 4) . The present investigation has clearly shown that the studied tetragonal phases have substantial phase width. Important features are nickel defects and/or the occupancy of an additional nickel site. These tiny differences can only be detected from precise single-crystal data. As a quintessence, a crystal may not be representative for a bulk sample!
Magnetic susceptibility measurements of CeNiSbBi
The temperature dependence of the susceptibility and inverse susceptibility (χ and χ −1 data), measured at an applied field of 10 kOe, is displayed in Fig. 4 . A fit of the inverse susceptibility data in the investigated temperature range with a modified Curie-Weiss law (χ m = C/(T − Θ p ) + χ 0 ) yields an effective magnetic moment of µ eff = 2.56(1) µ B per Ce atom. This is perfectly in line with the theoretical value of 2.54 µ B for a free Ce 3+ ion. Further fitting results are the Weiss-constant of Θ p = −27(1) K and a temperature independent part of χ 0 = 1.7(1) × 10 −4 emu mol −1 . No magnetic ordering is evident down to 2.5 K, also at a lower applied field strength of 100 Oe (not shown here). Also no hint for a superconducting transition was observed. The inset presents the magnetization isotherms measured at 3, 10, and 50 K. All isotherms exhibit a linear increase of the magnetization with increasing field as expected for a paramagnetic material. The magnetization at 3 K and 80 kOe is 0.45(5) µ B per Ce atom and is far below the theoretical value of 2.14 µ B for Ce 3+ (according to g J × J). Simi- lar magnetic behavior has been observed e. g. for Ce 3 Pd 4 Sn 6 [43] or CeAgMg [44] .
Sb Mössbauer spectroscopy of CeNiSbBi
The 121 Sb Mössbauer spectrum of the CeNiSbBi sample at 78 K is presented in Fig. 5 together with a transmission integral fit. The spectrum could be well reproduced by a superposition of two spectral components. The main signal with 92(4) % corresponds to CeNiSbBi with an isomer shift of δ = −8.06(6) mm s −1 , subject to weak quadrupole splitting of ∆E Q = −0.18(2) mm s −1 , a consequence of the non-cubic site symmetry 4mm of the antimony atoms. The experimental line width of Γ = 3.2(1) mm s −1 is in the usual range for intermetallic antimony compounds. The isomer shift of CeNiSbBi is in good agreement with that of other antimonides, e. g. the series of the antimonides YbT Sb (T = Ni, Cu, Pd, Ag, Pt, Au) [45] , CeRhSb [5] , or the antimonide oxides REMnSbO and REZnSbO [46, 47] , manifesting the antimonide character.
A small additional signal with 8(4) % was included in the fit with an isomer shift of δ = −11.2(4) mm s −1 and an experimental line width of Γ = 2.6(9) mm s −1 . This small contribution corresponds to a minor Sb 2 O 3 surface or grain boundary impurity that most likely resulted from the ceramic synthesis with repeated grinding. The experimental data for the Sb 2 O 3 impurity are in excellent agreement with literature data [48, 49] .
